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Abstract
Background: Interactions of cells with the extracellular matrix (ECM) are critical for the
establishment and maintenance of stem cell self-renewal and differentiation. However, the ECM is
a complex mixture of matrix molecules; little is known about the role of ECM components in
human embryonic stem cell (hESC) differentiation into neural progenitors and neurons.
Results: A reproducible protocol was used to generate highly homogenous neural progenitors or
a mixed population of neural progenitors and neurons from hESCs. This defined adherent culture
system allowed us to examine the effect of ECM molecules on neural differentiation of hESCs.
hESC-derived differentiating embryoid bodies were plated on Poly-D-Lysine (PDL), PDL/
fibronectin, PDL/laminin, type I collagen and Matrigel, and cultured in neural differentiation medium.
We found that the five substrates instructed neural progenitors followed by neuronal
differentiation to differing degrees. Glia did not appear until 4 weeks later. Neural progenitor and
neuronal generation and neurite outgrowth were significantly greater on laminin and laminin-rich
Matrigel substrates than on other 3 substrates. Laminin stimulated hESC-derived neural progenitor
expansion and neurite outgrowth in a dose-dependent manner. The laminin-induced neural
progenitor expansion was partially blocked by the antibody against integrin α6 or β1 subunit.
Conclusion: We defined laminin as a key ECM molecule to enhance neural progenitor generation,
expansion and differentiation into neurons from hESCs. The cell-laminin interactions involve α6β1
integrin receptors implicating a possible role of laminin/α6β1 integrin signaling in directed neural
differentiation of hESCs. Since laminin acts in concert with other ECM molecules in vivo, evaluating
cellular responses to the composition of the ECM is essential to clarify further the role of cell-
matrix interactions in neural derivation of hESCs.
Background
Increasing evidence has shown that stem cell develop-
ment requires a niche – a local microenvironment hous-
ing stem cells that regulates their self-renewal and fate in
developing tissues or organs [1-5]. The regulatory signals
from a niche are provided by niche cells, soluble factors
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showing that soluble factors such as FGFs, BMPs and Wnts
can regulate stem cell behavior, the role of cell-matrix
interactions in stem cell development is poorly under-
stood. The ECM as a major niche element provides not
only a scaffold for cellular support, but also an immediate
microenvironment that triggers regulatory signals to sup-
port stem cell proliferation, migration and fate decision
[6-8]. The ECM is a complex mixture of matrix molecules
which are typically large glycoproteins, including the
fibronectins, collagens, laminins and proteoglycans that
assemble into fibrils or other complex macromolecular
arrays. Cell adhesion to the ECM transmits extracellular
signals to stem cells via integrin receptors which are het-
erodimeric receptors generated by selective pairing
between 18 α and 8 β subunits. The complexity of the
extracellular environment is revealed by examination of
the special and temporal expression of patterns of ECM
components and some of their cell surface receptors in the
developing central nervous system (CNS) and the periph-
eral nervous system. Abundant ECM is present at the time
when neural progenitors differentiate, migrate and neuro-
nal axons elongate, but expression of ECM proteins is sub-
stantially reduced by the end of development [9,10]. The
diversity of cell interactions with complex ECM compo-
nents in the developing CNS challenges us to understand
the role of cell-matrix interactions in neural differentia-
tion of stem cells.
The ability of embryonic stem (ES) cells to generate neural
cell types in vitro offers a powerful tool to study how the
cell-ECM interactions regulate neural stem cell specifica-
tion and lineage choice. Recent studies on mouse embry-
onic stem cells (mESCs) showed that ECM signaling
influences the developmental fate of pluripotent stem
cells, and the temporally restricted cell-ECM interactions
direct fate and specification of neural precursors derived
from mESCs [11,12]. In the present study, we used a
reproducible, chemically-defined adherent culture system
to direct highly purified neural commitment from human
embryonic stem cells (hESCs). The robust neuroectoder-
mal cells in neural rosettes were generated and further dif-
ferentiated into neural progenitors and neurons; glial cells
did not appear until 4 weeks later. This system allowed us
to study quantitatively how ECM components affect the
neural progenitor generation and migration from hESCs
and the neurite outgrowth of developing neurons. Among
the 5 substrates tested (poly-D-lysine, fibronectin, lam-
inin, collagen and Matrigel) hESC-derived neural progen-
itor expansion, migration and differentiation into
neurons were significantly greater on laminin and lam-
inin-rich Matrigel than on other substrates. Laminin stim-
ulated hESC-derived neural progenitor expansion,
neuronal generation and neurite outgrowth in a dose-
dependent manner. The laminin-induced neural progeni-
tor expansion was partially blocked by antibody against
integrin α6 or β1 suggesting that laminin/α6β1integrin
signaling plays a critical role in the directed neural differ-
entiation of hESCs.
Results
Derivation of highly homogenous neural progenitors and 
neurons from hES cells
Human ES cell lines TE03 and TE06 were maintained and
passaged weekly on mitomycin C treated mouse CF-1
embryonic fibroblasts. Colonies of hESCs were removed
from feeders, triturated and re-plated in low attachment
dishes to obtain spontaneously differentiating EBs. Neur-
oectodermal differentiation was induced in floating EBs in
the neural differentiation medium (NDM). We found a
marked change in appearance of differentiating EBs during
culturing with the NDM. By 10 days of culture in the NDM
(or 15 days of differentiation), most EBs exhibited a solid,
dark core surrounded by a light band which we called
"dark EBs" (Fig. 1A at 0 hr). However, if continually cul-
tured a few more days in suspension with the NDM, some
EBs gradually became transparent capsules which we
called "light EBs" (Fig. 1B at 0 hr). Both dark- and light-EBs
were plated onto cell culture dishes coated with PDL, PDL/
fibronectin, PDL/laminin, collagen and Matrigel. Neural
Time-lapse series of two distinct patterns of hESC-derived neural diff rentiati n on PDL/Laminin substratesF gure 1
Time-lapse series of two distinct patterns of hESC-
derived neural differentiation on PDL/Laminin sub-
strates. Phase contrast images of cell expansion at 0 hr, 3 
hr, 1 day and 3 days postplating. Some hES cell-derived 
embryoid bodies (EBs) at 15 days of differentiation show a 
solid, dark core (dark EBs) (A at 0 hr postplating) while many 
EBs at 17–20 days of differentiation exhibit light, transparent 
appearance (light EBs) (B at 0 hr postplating). (A) From a 
dark EB, new cells constantly generate and radially migrate 
away from the center of the EB and form a rim of cells. 
These expanded cells are mixed neural progenitors and neu-
rons (see Fig. 2). (B) light EB gives rise to a homogenous cell 
population composed of almost all neural progenitors (See 
Fig. 3). Scale bars: in (A) = 200 μm; in (B) = 100 μm.Page 2 of 13
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strates except on PDL. Without clonal isolation of neural
rosettes, the neuroectodermal cells in the rosettes further
differentiated into neural progenitors, neurons and glia on
these adherent substrates. After being plated on PDL/lam-
inin substrates, the dark EBs generated the first nestin+
neural progenitors at 3 hours postplating, and the first
TuJ1+ neurons appeared 6 hours after the nestin+ neural
progenitors generated. From a dark EB, new neural precur-
sors and neurons were constantly generated and migrated
radially away from the center of aggregates, resulting in a
rim of cells around the EB sphere (Figs. 1A, 2). While the
dark EBs gave rise to a mixed population of nestin+ neural
progenitors and TuJ1+ neurons (Figs. 1A, 2), the light EBs
produced highly pure nestin+ progenitors with a few or no
TuJ1+ cells (Figs. 1B, 3). In both cases, GFAP+ astrocytes
and O4+ developing oligodendrocytes did not appear
until 4 weeks later. Figure 1 shows time-lapse images of
these two distinct differentiation patterns from dark EBs
and light EBs respectively.
To quantify the percentage of neural progenitors and neu-
rons within hESC-derived differentiated cells, a double
immunocytochemical analysis for nestin and TuJ1 was
carried out in cultures with nuclear DAPI counterstaining
at 3 days postplating on ECM substrates (or 18 days of dif-
ferentiation). The dark EBs-derived neural cells exhibited
a radial configuration; new neural precursors were con-
stantly generated from the dark EB spheres followed by
robust neuronal generation. Both neural progenitors and
neurons migrated rapidly away from the center of aggre-
gates (Fig. 2). In the mixed neural population the ratio of
nestin+ to TuJ1+ cells varied markedly between EBs-
derived aggregates. By counting the cells positive for nes-
tin or TuJ1 and the number of phase-dark cells positive to
DAPI in Figure 2, 75% ± 4.2% of differentiated cells
expressed nestin and 24% ± 2.1% expressed TuJ1. Figure
3 shows a light EBs-derived neural population. Almost all
differentiated cells were nestin+ neural progenitors. By
counting the cells positive for nestin or TuJ1 over the
number of cells positive to DAPI, 98.2% ± 1.4% of differ-
entiated cells expressed nestin and 1.1% ± 0.4% expressed
TuJ1.
hESC-derived neural rosettes appear on various ECM 
substrates
Neuroectodermal precursors in neural rosettes were
induced by replating EBs into the NDM. While the markers
of undifferentiated hESC such as Oct3/4 and SSEA4 pro-
gressively disappeared (not shown), a number of rosettes
gradually emerged throughout the EB. Although neural
rosettes were seen in floating EBs, more rosettes were gen-
erated after the EBs were plated on PDL/laminin (Fig. 4),
Matrigel (Fig. 5A–D) and collagen (Fig. 5E–H) substrates,
but not on PDL. These radial neuroectodermal cells were
morphologically similar to polarized neuroepithelial
structures of the developing CNS. Immunostaining of neu-
roectodermal cells in rosettes for early neural markers Sox1
and nestin, and the neuronal marker TuJ1, showed that the
radially organized columnar neuroepithelial cells co-
expressed Sox1 and nestin (Fig. 4A, B). Therefore, neural
rosettes are considered as in vitro organized neuroectoderm
[13-15]. It was interesting to notice that the antibody
against neuronal marker TuJ1 not only stained rosette cell-
derived neurons, but also radially distributed fiber-like
structures in rosettes (Fig. 5C, D, G and 5H). About 5–10
days later, the rosettes were often transformed into neural
tube like structures (Fig. 4C, D).
hESC-derived neural progenitors are highly proliferative 
and multipotent
Our reproducible protocol generated robust hESC-derived
neuroectodermal cells giving rise to highly homogenous
nestin+ neural progenitors that undergo extensive cell divi-
sion before differentiating into neuronal and glial cells. To
assay the ability of self-renewal of hESC-derived neural
progenitors, cells at 18 days of differentiation (or 3 days
postplating on laminin substrate) were exposed to BrdU
A mixed population of neural progenitors and neurons derived from a dark EBFigur 2
A mixed population of neural progenitors and neu-
rons derived from a dark EB. The dark EB derived from 
TE03 cell line was plated on PDL/laminin and cultured in the 
neural differentiation medium (NDM) for 3 days. (A-C) Dou-
ble-immunostaining of a hESC-defferentiated aggregate for 
nestin and TuJ1. Newly generated nestin+ and TuJ1+ cells 
are migrated radially away from the center of aggregates, 
forming a rim of neural cells around the EB sphere. (D-G) 
Higher magnification of differentiated cells in (A) showing a 
large number of nestin+ cells (F) and a few TuJ1+ neurons 
(G). To estimate the percentage of differentiated cells 
expressing nestin or TuJ1, the number of labeled cells was 
counted from a double-immunolabeled culture and normal-
ized with the total number of cells determined by counting 
DAPI nuclear counterstained cells (E) that overlap phase-
dark (D) cells. Scale bars: in (A-C) = 200 μm; in (D-G) 100 
μm.Page 3 of 13
(page number not for citation purposes)
BMC Developmental Biology 2008, 8:90 http://www.biomedcentral.com/1471-213X/8/90for 4 hours before double immunostaining for nestin and
BrdU. The percentage of nuclei positive for BrdU among
the nestin-positive cell population was about 68% (Fig.
6A–C), indicating that hESC-derived neural progenitors
were actively synthesizing DNA. To characterize the extent
to which rosette cells can differentiate into all three neural
cell lineages, we used immunocytochemical analysis of
cells cultured on PDL/laminin substrates with a panel of
antibodies and demonstrated that hESC-derived neural
derivatives sequentially expressed Sox1, nestin, musashi
(not shown), A2B5 and PS-NCAM, followed by TuJ1
expression in many cells in first 1–5 days postplating on
PDL/laminin substrates. MAP2+ and GABAergic
(GAD65,67+) neurons appeared at about 10–15 days on
PDL/laminin substrates. GFAP+ astrocytes and O4+ devel-
oping oligodendrocytes did not appear until after 30 days
of culture on PDL/laminin substrates (Fig. 6).
Neural progenitor expansion and differentiation into 
neurons are significantly greater on laminin or laminin-rich 
Matrigel
To examine the effect of substrates on the overall growth
(expansion) of neural progenitors derived from dark EBs,
similar sized (diameter) EBs with equal number of neural
progenitors were chosen at 3 h postplating. The number of
nestin+ cells grown on different substrates was quantified
over time at 3 h, 6 h, 12 h, 18 h, 24 h, 36 h and 48 h post-
plating from randomly selected fields. A comparison of
cell counts at these 7 time points showed significantly
greater cell expansion on PDL/laminin or Matrigel at 12–
48 h postplating than on other substrates (Fig. 7A). At 48
h postplating, the nestin+ cell number increased on PDL/
laminin by approximately 4-fold and on Matrigel by about
3-fold. A comparison of TuJ1+ cells grown on these 5 sub-
strates also indicated that laminin and Matrigel stimulated
significantly higher numbers of hESC-derived neurons
compared to the other substrates (Fig. 7B).
Neurite outgrowth of hESC-derived neurons is greater on 
laminin and laminin-rich matrigel
To evaluate the effect of substrates on the neurite out-
growth of hESC-derived neurons, quantification of the
number of primary neurites and total neurite length per
cell was carried out on neurons derived from the light EBs.
The hESC-derived neurons were identified using immuno-
cytochemistry with the antibody against TuJ1 (Fig. 8A).
hESC-derived neurons on laminin and Matrigel had signif-
icantly greater numbers of neurites and total neurite length
per cell than neurons on other substrates (Fig. 8B, C). The
total neurite length per cell on laminin slightly greater than
on matrigel, but this difference was not statistically signif-
icant (total neurite length per cell ± SEM: laminin 85 ± 5.8,
Matrigel 81 ± 3.8; P ≥ 0.1 for both comparisons). There-
fore, laminin-supported neurite outgrowth was compara-
ble to Matrigel.
A homogenous population of nestin+ neural progenitors derived from a light EBFigure 3
A homogenous population of nestin+ neural progeni-
tors derived from a light EB. The light EB derived from 
TE03 cell line was plated on PDL/laminin and cultured in the 
NDM for 3 days. To estimate the percentage of differenti-
ated cells expressing nestin or TuJ1, the number of labeled 
cells was counted from a double-immunolabeled culture at 3 
days postplating for nestin (C) and TuJ1 (D), and normalized 
with the total number of cells determined by counting DAPI 
stained cells (B) overlapping phase-dark cells (A). This hESC-
derived cell population consists of almost all nestin+ progeni-
tors. TuJ1+ neurons (D, pointed by arrows) are barely seen. 
Scale bar = 100 μm.
Human ESC-derived neuroectodermal precursors in neural rosettes (A-B) and neural tube-like structures (C-D)Figur 4
Human ESC-derived neuroectodermal precursors in 
neural rosettes (A-B) and neural tube-like structures 
(C-D). The neural rosettes and neural tube-like structures 
are found in TE-06-derived EBs cultured on PDL/laminin sub-
strates. Neural rosettes are radial arrangements of columnar 
cells (A) that co-express Sox1 (green) and nestin (red) (B). 
(C-D) In sister cultures continually fed with NDM for 
another 3 days, the neural tube-like structures appear. Scale 
bars: in (A-B) = 50 μm; in (C-D) = 100 μm.Page 4 of 13
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neurite outgrowth in a dose-dependent manner
Results from above show that laminin is a particularly
effective ECM substrate for stimulating hESC-derived neu-
ral progenitor expansion and neuronal neurite outgrowth.
To examine a possible dose-dependent relationship
between laminin concentrations and hESC-derived neuro-
genesis, we evaluated the hESC-derived neural progenitor
expansion and total neurite length of neurons on culture
dishes coated with PDL/laminin substrates. Laminin was
used at the following 5 concentrations: 1 μg/ml (0.25 μg/
cm2), 10 μg/ml (2.5 μg/cm2), 30 μg/ml (7.5 μg/cm2), 60
μg/ml (15 μg/cm2) and 100 μg/ml (25 μg/cm2). We
observed that both neural progenitor expansion and total
neurite length increased in response to increased laminin
concentrations from1 μg/ml to 60 μg/ml. The cell expan-
sion and neurite outgrowth declined at higher laminin
concentration (100 μg/ml) (Fig. 9A, B).
Distributions of integrins α1, α3, α6, β1 and β4 in hESC-
derived neural progenitors
Integrins comprise a large family of cell adhesion mole-
cules that mediate interactions between the extracellular
environment and the cytoplasm. Since hESC-derived neu-
ral progenitors were predominantly interacting with lam-
inin, we examined if the neural progenitors express the
laminin-associated integrin subunits. It is known that
integrin β1 is widely expressed in human postnatal corti-
ces-derived neural progenitor cells [16]. It forms noncova-
lent complexes with various integrin alpha subunits,
including α1, α3, α6, to become the functional receptors
that bind specifically to laminin. Flow cytometry showed
that the human neural progenitor cells express the lam-
inin-associated integrins α1, α3, α6, β1 and β4 [16]. We
carried out immunostaining of hESC-derived neural pro-
genitors at 3 days postplating on PDL/laminin for
integrins α1, α3, α6, β1 and β4. All these integrin subunits
were detectable to differing degrees. Cell counting of
immunoreacted vs total number of cells revealed that 98%
± 1.5% cells expressed β1 subunit and 46% ± 8% cells
expressed α6 subunit. There were 38% ± 4% α3 positive
cells, 12% ± 3% α1 positive cells, and 15% ± 3% β4 posi-
tive cells found in hESC-derived neural progenitors.
Blockage of α6 or β1 integrin disrupts expansion of hESC-
derived neural progenitors on laminin substrates
Results above demonstrated that, compared with other
substrates, hESC-derived neural progenitors showed
strongest responses to laminin substrates in their migra-
tion, expansion and differentiation into neurons. Recent
studies have shown that almost all human neural stem and
progenitor cells express the β1integrin subunit and a sig-
nificant percentage of human neural progenitors express
a6 subunit [16]. To assess the role of endogenous a6 and
β1integrins in hESC-derived neural progenitor migration
and expansion on PDL/laminin substrates, antibody per-
turbation experiments were performed in dark EBs-derived
neural populations cultured at 24 h postplating. We
Neural rosettes generated on collagen (A-D) and matrigel (E-H) substratesFig re 5
Neural rosettes generated on collagen (A-D) and matrigel (E-H) substrates. (A-D) A TE03-derived light EB at 3 
days postplating on type I collagen substrates was triple-immunostained for nestin (B), TuJ1 (C) and Sox1 (blue in D). Note that 
TuJ1 stains radial configurations of structures in rosettes (pointed by two solid arrows) and a cluster of neurons (pointed by a 
dished arrow) in (C). Scale bar: 100 μm. (E-H) Neural rosettes, neural progenitors and neurons are developed in a TE03-
derived light EB cultured on matrigel for 2 days. A solid arrow in (E) points to a TuJ1-labeld radial arrangement (G) which over-
laps a rosette in phase contrast image (E). The dashed arrow in (G) indicates TuJ1+ neurons with long processes. The majority 
of cells in the EB are nestin+ (F). Scale bars in (A) and (E) = 100 μm.Page 5 of 13
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plating (or at 15 days after differentiation) in total 12 cell
culture dishes coated with PDL/laminin at concentration
of 60 μg/ml. These dishes were divided into 4 groups: no
treatment (Fig. 10A), treated with the antibody against a6
integrin (Fig. 10B), treated with the antibody against β1
integrin (Fig. 10C) and treated with purified mouse IgG
(Fig. 10D). Cell expansions were estimated at 24 h post-
plating by measuring expansion distances from the edge of
the EB sphere to the widest point of the rim (Fig. 10A–D).
It was found that hESC-derived neural progenitors treated
with a6 or β1integrin antibody exhibited significant
decreases in cell expansion distances (expansion distance ±
SEM: a6 treated 256 ± 26 μm; β1 treated 301 ± 32 μm)
compared to non-treated cells (589 ± 71 μm) or cells
treated with mouse IgG (574 ± 65 μm). Cells untreated or
treated with mouse IgG showed no significant difference
in cell expansion, whereas statistical differences between
a6 or β1 integrin antibody-treated cells and values for con-
trol cultures were found significant (** p < 0.01). This
result indicates that a6β1integrin mediated, at least in part,
hESC-derived neural progenitor responses to laminin, sug-
gesting a critical role for laminin/a6 or β1integrin signaling
in hESC-derived neural progenitor cell migration and
expansion.
Discussion
Our work demonstrates that laminin and laminin-rich
Matrigel significantly enhanced directed hESC differenti-
ation into neural progenitors and neurons compared
hESC-derived neural progenitors are highly proliferative and multipotentFigure 6
hESC-derived neural progenitors are highly proliferative and multipotent. (A-C) Double-immunostaining of differ-
entiated cells at 2 days postplating for nestin (red) and proliferative marker BrdU (greed), indicating approximately 68% of nes-
tin+ cells are BrdU incorporated. (D-F) Double-immunostaining for nestin (red) and A2B5 (green). (G-I) Double-
immunostaining for nestin (red) and PS-NCAM (green). The overlapping of nestin and A2B5 or PS-NCAM indicates that hESC-
derived nestin+ neural progenitors also express other neural differentiating markers. (J-M) Immunostaining of progeny of 
hESC-derived neural progenitors for mature neuronal marker MAP2 (J), GABAergic neuronal marker GAD65/67 (K), astrocytic 
marker GFAP (L) and O4, developing oligodentrocyte marker (M). Scale bars: (A) = 200 μm; (D) = 100 μm; (G) = 100 μm; (J-
M) = 30 μm.Page 6 of 13
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oectodermal precursors in neural rosettes were formed
on laminin substrates and differentiated into greater
numbers of neural progenitors and neurons with greater
neurite outgrowth. We also found that laminin stimu-
lated neural progenitor expansion and neurite out-
growth in a dose-dependent manner; the antibody
against α6 or β1integrin subunit partially blocked the
laminin-stimulated expansion of hESC-derived neural
progenitors. These results indicate that the endogenous
α6 and β1 integrin subunits were in part responsible for
transmitting laminin signaling into the cell to stimulate
hESC-derived neural progenitor expansion and neuronal
differentiation, suggesting that laminin/α6β1integrin
signaling plays a significant role in the directed neural
differentiation of hESCs.
The directed neural differentiation of hESCs in culture is a
dynamic process which is essentially a recapitulation of
early embryonic developmental processes [17]. Our
Expansion of hESC-derived nestin+ neural progenitors and TuJ1+ neurons is greater on PDL/laminin and Matrigel substrates than on PDL, PDL/fibron ctin and collagen substra esFigure 7
Expansion of hESC-derived nestin+ neural progenitors and TuJ1+ neurons is greater on PDL/laminin and 
Matrigel substrates than on PDL, PDL/fibronectin and collagen substrates. (A) A linear plot summarizing the com-
parison of neural progenitor expansion on different substrates over time. Values are expressed in the number of nestin+ cells 
per surface area as mean ± SEM of three independent experiments. The total number of cells per surface area is determined by 
counting DAPI labeled nuclei which overlapped phase-dark cells. Statistical differences for number of nestin+ cells/mm2 
between laminin or Matrigel and PDL or fibrinectin or collagen at 48 h are significant ** p < 0.01. (B) A linear plot summarizing 
the comparison of neuronal expansion on different substrates over time. Values are expressed in the number of TuJ1+ cells 
per surface area as mean ± SEM of three independent experiments. The total number of cells per surface area is determined by 
counting DAPI labeled nuclei which overlapped phase-dark cells. Statistical differences for number TuJ1+ cells/mm2 between 
laminin or Matrigel and PDL or fibronectin or collagen at 48 h are significant ** p < 0.01.Page 7 of 13
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consistent with recent findings from in vivo studies. Evi-
dence has shown that embryonic neural tissues contain a
dynamic ECM, composed of many types of molecules that
have distinct patterns of spatial and temporal expression.
The laminin family is one of the most important ECM
components within the neural stem cell niche. Neural
stem cells derived from the mouse VZ, SVZ and the rostral
migratory stream (RMS) to the olfactory bulb express high
levels of integrin α6β1 and its ligand laminin [10,18].
Antibodies against the α6 or β1 integrin subunits can dis-
rupt neuroblast migration, suggesting an endogenous role
for α6β1 integrin in guiding migration; laminin is a che-
moattractant for neuroblasts of the SVZ/RMS, drawing
neuroblasts away from their normal course of migration
in a restricted fashion when injected as a tract of intact
laminin, and in a dispersed fashion when provided as a
more soluble peptide [18]. The latter studies emphasize a
critical role of α6β1 integrin and its ligand, laminin, in
controlling the direction of migrating neuroblasts in the
adult CNS.
The responses of hESC-derived neural progenitors to ECM
molecules found in the present study are similar to those
of neural stem/precursor cells dissociated from human
postnatal cortices [16] or from mouse ganglionic emi-
nence [7]. In the latter studies, laminin matrices enhanced
human neural stem cell migration, expansion and differ-
entiation into neurons and astrocytes, and elongation of
neurites from NSPC-derived neurons compared to poly-L-
ornithine and fibronectin. Ours and other studies indicate
laminin interactions with α6β1 integrin represent one of
the most important cell-ECM interactions as an early
inductive signal to regulate neural stem and progenitor
cell proliferation, migration and fate decision in vitro and
within the embryonic mammalian brain.
Neurite outgrowth of hESC-derived neurons are greater on PDL/laminin and matrigel substrates than other substratesFig re 8
Neurite outgrowth of hESC-derived neurons are greater on PDL/laminin and matrigel substrates than other 
substrates. Light EBs were cultured on 5 different substrates: PDL, PDL/laminin, PDL/fibronectin, collagen and Matrigel for 3 
days in the NDM and immunostained for TuJ1. (A) A panel of immunofluorescent images showing representative fields of 
TuJ1+ cells expanded on PDL, PDL/fibronectin (PDL/FN), PDL/laminin (PDL/LN), collagen and Matrigel for 3 days. (B, C) Bar 
plots summarizing the effect of different substrates on number of neuritis (B) and total neurite length (C) per cell. The laminin 
(LN)- and matrigel (MG)-induced number of neuritis and total neurite length per cell are significantly higher than on PDL, 
fibronectin (FN), and collagen (CG). Values are expressed as mean ± SEM of 4 independent experiments. Statistical differences 
for number of neuritis and for total neurite length per cell between LM or MG and PDL or FN or CG are significant ** p < 
0.01. Scale bar in (A) = 30 μm.Page 8 of 13
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ECM components in the generation and migration of neu-
ral progenitors and neurite outgrowth of neurons during
the neural specification of hESC. Laminin served as a
potent stimulator of neural differentiation of hESCs while
other tested ECM components showed similar but much
less enhancement of these events. Recent evidence has
increased our awareness of the diversity and complexity of
the cell-matrix interactions. ECM components have both
stimulatory and inhibitory effects on neural cell develop-
ment [19], and much remains to be elucidated about how
interactions with the ECM generate inductive signals that
regulate the hESC differentiation in vivo and in vitro. On
the other hand, cells in tissues encounter the composition
of the ECM, rather than a single ECM protein. For exam-
ple, the basement membrane and connective tissue con-
tain networks of multiple ECM proteins including
laminin, fibronectin and several collagen isoforms. Study
of the role of combined ECM components, which regulate
hESC-derived neural phenotypes, will greatly facilitate
their use as model systems for neural development study
and as therapeutic agents for cell replacement.
Conclusion
We demonstrated using a defined adherent culture system
that neural derivation from hESCs was significantly
enhanced by laminin or laminin-rich Matrigel compared
to PDL, fibronectin and type I collagen substrates. Lam-
inin stimulated neural progenitor generation, expansion
and differentiation into neurons, as well as neurite out-
growth of hESC-derived neurons. The laminin-induced
neural progenitor expansion was partially blocked by the
antibody against α6 or β1 integrin. These results implicate
a possible role of laminin/α6β1 integrin signaling in
directed neural differentiation of hESCs. This finding is
consistent with a significant role of laminin/integrin sign-
aling in regulation of neural stem cell generation, migra-
tion and differentiation within the ventricular zone of
CNS. Thus, cell-ECM interactions appear to be an early
inductive signal to regulate neural specification of hESCs.
Our findings may facilitate studies of early human CNS
development and potential applications in neurological
diseases.
Methods
In vitro maintenance and propagation of undifferentiated 
TE03 and TE06 hESCs
Human ESC lines TE03 (XX, passages P29 – P35) and
TE06 (XY, approximately passage 35) were cultured
according to the guidelines established by the National
Academy of Sciences. Cells were propagated on a feeder
layer of Mitomycin C. treated Mouse embryonic fibrob-
lasts CF-1 (ATCC SCRC-1040.2; Manassas, VA; http://
www.atcc.org). Cells were cultured at 37°C, 5% CO2 in ES
Laminin stimulates hESC-derived neural progenitor expansion and neuronal neurite outgrowth in a dose-dependent mannerFigure 9
Laminin stimulates hESC-derived neural progenitor expansion and neuronal neurite outgrowth in a dose-
dependent manner. Dark EB-derived neural populations at 3 days postplating on PDL/laminin substrates with 5 different 
concentrations: 1 μg/ml, 10 μg/ml, 30 μg/ml, 60 μg/ml and 100 μg/ml. The cultures were double-immunostained for nestin and 
TuJ1. (A, B) Bar plots summarizing the responses of number of nestin+ neural progenitors (A) and total neurite length of TuJ1+ 
neurons (B) to different laminin concentrations. The neural progenitor expansion and total neurite length of neurons per cell 
increases with concentrations and reach a peak at 60 μg/ml. Values are expressed as mean ± SEM of 3 independent experi-
ments. Statistical differences for cells/mm2 and total neurite length per cell between 60 μg/ml or 100 μg/ml and 1 μg/ml or 10 
μg/ml or 30 μg/ml are significant * p < 0.05; ** p < 0.01.Page 9 of 13
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F12 (ATCC 30-2006) (80%), supplemented with 2.0 mM
L-Alanyl-L-Glutamine (ATCC 30-2115), 0.1 mM Non-
essential amino acids (ATCC 30-2116), 0.1 mM 2-mer-
captoethanol (Sigma Catalog No. M-7522; http://
www.sigmaaldrich.com) and 4 ng/ml basic fibroblast
growth factor (bFGF) (R& D Systems Catalog No. 233-FB)
(5%); Knockout serum replacement (Invitrogen Catalog
No. 10828) (15%); fetal bovine serum (ATCC SCRR-30-
2020), Penicillin (100 IU/ml)/streptomycin (100 μg/mL)
(ATCC 30-2300). bFGF (4 ng/ml) was added in the first
24 hours after thawing the cells. Daily medium changes
began after the first 48 hours in culture. Cells were pas-
saged every 6 to 8 days using collagenase IV (200 Units/
ml) (Invitrogen, Carlsbad, CA; http://www.invitro
gen.com).
It has been a standard practice in our laboratory to moni-
tor these cell lines by repeated sterility testing that ensures
the cell cultures were free from mycoplasma, bacteria,
fungi and viral pathogens.
Spontaneous and directed neural differentiation and 
rosette formation
The hES cell colonies were removed from MEF feeders and
dissociated into small clumps by incubating with colla-
genase IV (200 Units/ml) (Invitrogen Carlsbad, CA; http:/
/www.invitrogen.com) at 37°C for 30 minutes. The hES
cell clumps were pelleted and cultured in suspension in
low attachment dishes with hES cell medium without
bFGF for 5 days (the end of this stage is considered as at 5
days of differentiation). ES cells grew into floating aggre-
gates or embryoid bodies (EBs), while remaining feeder
cells adhered to the plate. The neuroectodermal induction
began with EBs transferred into the neural differentiation
medium (NDM) that consisted of modified Eagle's
medium (ATCC 30-2002; http://www.atcc.org), F12k-
(ATCC 30-2004), N-2 supplement (Gibco Catalog No.
317740; http://www.invitrogen.com), 0.1 mM Non-
essential amino acids (ATCC 30-2116), Penicillin (100
IU/ml)/streptomycin (100 μg/ml) (ATCC 30-2300) and 5
ng/ml bFGF (R& D Systems Catalog No. 233-FB) for 10
days. At days 15–17 of differentiation, EBs were plated on
Anti-α6 or β1 integrin antibody blocks laminin-induced neural progenitor expansionFigure 10
Anti-α6 or β1 integrin antibody blocks laminin-induced neural progenitor expansion. Antibody perturbation exper-
iments were carried out in dark EB-derived neural populations at 24 h postplating on laminin substrate at 60 μg/ml. A 10 μg/ml 
of antibody against α6 or β1 integrin, and a 10 μg/ml of purified mouse IgG were added into the culture medium directly at the 
beginning of cell culture. The expansion distance was determined by measuring the length from the edge of EB spheres to the 
widest point of the rim. (A-D) Immunofluorescent images of dark EB-derived neural populations show representative fields of 
nestin+ cells treated with anti-α6 (B), anti-β1 (C), mouse IgG (D), and untreated (A). Inclusion of antibody against α6 or β1 sig-
nificantly decreases cell expansion compared to untreated culture (A) and culture treated with mouse IgG (D). The bar in (A) 
= 503 μm, in (B) = 231 μm, in (C) = 266 μm, and in (D) = 466 μm. (E) Bar plot summarizes the effects of various treatments 
on laminin-induced expansion distances. Values are expressed in expansion distance as mean ± SEM of four independent exper-
iments. Statistical differences for expansion distance between anti-α6 or β1 integrin treatment and untreated or treated with 
mouse IgG are significant: **p < 0.001. But the differences for expansion distance between mouse IgG treatment and untreated 
are not significant p > 0.05. Scale bar in (A) = 100 μm.Page 10 of 13
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rosettes were formed in floating EBs, increased rosettes
were visualized after plating of the EBs on substrates. Neu-
roectodermal cells in neural rosettes further differentiated
into neural progenitors and their progeny. Immunocyto-
chemistry of neuroectodermal cells, neural progenitors
and their progeny was carried out directly on substrates.
Substratum preparations
To examine ECM effects on neural differentiation of hESC
in vitro, the treated polystyrene 35 mm cell culture dishes
(Corning, NY; http://www.corning.com) were coated
with the following substrates: Poly-D-Lysine (PDL),
human placenta-derived fibronectin (FN), human pla-
centa-derived laminin (LN), type I collagen and Matrigel.
PDL, a positively-charged, synthetic molecule, was used to
enhance cell attachment to plastic surfaces and enhance
adsorption of ECM proteins to the culture substrate. In
addition, we used human ESC Qualified Matrigel Matrix
(BD Biosciences, Bedford, MA; http://www.bdbio sci-
ences.com), a solubulized basement membrane prepara-
tion extracted from EHS mouse sarcoma (a tumor rich in
ECM proteins); its major component is laminin (56%),
followed by collagen IV (31%), heparan sulfate proteogly-
cans, and entactin (8%). It provides a physiologically rel-
evant environment for stimulation of cell proliferation
and differentiation. Matrigel has been useful for studies of
cell morphology, biochemical function, migration or
invasion, and gene expression.
PDL (Sigma-Aldrich, St. Louis, MO; http://www.sig
maaldrich.com) was reconstituted with sterile ddH20. The
PDL solution was added to plates at 0.1–1 mg/ml and left
overnight at room temperature. For laminin and fibronec-
tin coating, dishes were pretreated with PDL as described
above, fibronectin derived from human plasma (R & D
Systems, Minneapolis, MN; http://www.rndsystems.com)
was added at 50 μg/ml in PBS, and laminin from human
placenta (Sigma-Aldrich, St. Louis, MO; http://www.sig
maaldrich.com) as added at 10–100 μg/ml in PBS. PDL,
PDL/fibronectin, and PDL/laminin were left on dishes
overnight in a humidified 37°C, 5% CO2 incubator, and
then the excess substrate was removed and dishes were
rinsed with PBS.
To examine the effects of laminin concentrations on
hESC-derived neurogenesis, we systematically measured
neural progenitor expansion and total neurite length per
neuron at 5 laminin coating concentrations: 1 μg/ml
(0.25 μg/cm2), 10 μg/ml (2.5 μg/cm2), 30 μg/ml (7.5 μg/
cm2), 60 μg/ml (15 μg/cm2) and 100 μg/ml (25 μg/cm2).
Collagen (Type I, Boehringer-Mannheim Corp., Indianap-
olis, IN; http://www.roche.com) purchased as a sterile,
lyophilized powder, was dissolved to a final concentra-
tion of 3 mg/ml by addition of sterile 0.2% v/v acetic acid
(pH 3–4). Then the collagen solution was diluted with an
equal volume of 2× phosphate-buffered saline (PBS,
Gibco; http://www.invitrogen.com) and a volume of cell
media to achieve a final collagen concentration of 0.5 mg/
ml (maintaining physiological osmolarity, 250–300
mOsM). After adjusting the pH of the collagen solution to
pH 7.4 by the addition of 1 N NaOH, the solution was
chilled in an ice bath to prevent gel formation. The colla-
gen solution can be simply applied to 35 mm dishes or
glass coverslips and allowed to dry.
Human ESC Qualified Matrigel Matrix was thawed over-
night at 4°C then diluted 1:6 (approximately 16%
Matrigel) in cold DMEM/F12 medium (ATCC, Manassas,
VA; http://www.atcc.org). 35 mm cell culture dishes were
coated on ice so as not to gel the Matrigel prematurely.
The volumes of 16% Matrigel used to coat the tissue cul-
ture vessels were 1 ml per 35 mm dish and 0.25 ml per
well in the 24 well plates. Culture dishes were kept on ice
for 1 hour, and excess Matrigel was aspirated just prior to
plating of neural progenitor cells.
Immunocytochemistry
To evaluate the neural differentiation potential of pluripo-
tent hESCs, immunostaining for various neural markers
was performed. The staining procedure was described pre-
viously [20]. Briefly, cultured cells were fixed for 15 min
in 4% paraformaldehyde in PBS followed by incubation
with the primary antibodies at 4°C overnight. Appropri-
ate secondary antibodies were added for single or double
staining.
The following primary antibodies were used: rabbit anti-
nestin (Millipore/Chemicon, Billerica, MA; http://
www.millipore.com; 1:200), mouse Class IgG2a anti-β-
tubulin (TuJ1) (Millipore/Chemicon, Billerica, MA;
http://www.millipore.com; 1:300), chicken polyclonal
anti-Sox1 (Millipore/Chemicon, Billerica, MA; http://
www.millipore.com; 1:300), rabbit polyclonal anti-
musashi (Millipore/Chemicon, Billerica, MA http://
www.millipore.com; 1:300), mouse Class IgM anti-A2B5
(R&D Systems, Minneapolis, MN; http://www.rndsys
tems.com; 1:100), mouse Class IgM anti-PSA-NCAM
(Millipore/Chemicon, Billerica, MA; http://www.milli
pore.com; 1:300), mouse Class IgG1 anti-MAP2 a, b, c
(Kamiya Biomedical company, Seattle, WA; http://
www.kamiyabiomedical.com; 1:100), rabbit glutamate
decardoxylase (GAD)65/67 (Millipore/Chemicon, Biller-
ica, MA, http://www.millipore.com; 1:200), mouse Class
IgM clone 81 anti-O4 (Millipore/Chemicon, Billerica,
MA; http://www.millipore.com; 1:100) and rabbit poly-
clonal anti-GFAP (Millipore/Chemicon, Billerica, MA
http://www.millipore.com; 1:500). Secondary antibodies
were FITC-conjugated donkey anti-mouse IgG2a (South-Page 11 of 13
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tech.com; 1:50), rhodamine-conjugated donkey anti-rab-
bit IgG (Jackson ImmunoResearch, West Grove, PA;
http://www.jacksonimmuno.com; 1:50), FITC-conju-
gated donkey anti-chicken IgG (Millipore/Chemicon,
Billerica, MA, http://www.millipore.com; 1:50), FITC-
conjugated donkey anti-Mouse IgM (Jackson ImmunoRe-
search, West Grove, PA; http://www.jacksonim
muno.com; 1:50) or AlexaFluor488 conjugated goat anti
mouse IgG1 (Invitrogen/Molecular Probes, Eugene, OR;
http://www.invitrogen.com; 1:50). Cell nuclei were
labeled for 10 min with 0.8 μg/ml 4,6-diamidino-2-phe-
nylindole (DAPI) (Sigma-Aldrich, St. Louis, MO; http://
www.sigmaaldrich.com).
To examine the distributions of integrins in hESC-derived
neural progenitors, immunocytochemistry for laminin-
associated integrins α1, α3, α6, β1 and β4 was performed
in neural progenitors generated on PDL/laminin sub-
strates. Antibodies against integrins α1 (clone MB1.2), α3
(clone ASC-6), α6 (clone NK1-GoH3), β1 (clone HUTS-
4) and β4 (clone 3E1) were purchased from Chemicon
(Millipore/Chemicon, Billerica, MA; http://www.milli
pore.com; 1:100). Secondary antibody was FITC-conju-
gated donkey anti-Mouse IgG (Jackson ImmunoResearch,
West Grove, PA; http://www.jacksonimmuno.com; 1:50).
The distributions of immunofluorescent cells were exam-
ined under microscope (Nikon) eclipse TE 300 micro-
scope with Bioimaging System.
Double-immunocytochemistry for nestin and BrdU 
incorporation
To examine the ability of hESC-derived neural progenitors
(nestin+ cells) to synthesize DNA, bromodeoxyuridine
(BrdU) incorporation with 5-bromo-2-deoxy-uridine
labeling and Detection Kit I (Roche, Indianapolis, IN;
http://www.roche.com) was used to monitor nestin+ cell
proliferation. Cultures were exposed to 20 μM BrdU for 4
hours and then fixed with 70% alcohol containing 50 mM
glycine at PH 2.0. After rinse, cells were incubated over-
night with mouse anti-BrdU (1:1000) and rabbit anti-nes-
tin (Millipore/Chemicon, Billerica, MA; http://
www.millipore.com; 1:200), followed by incubation with
a mixture of rhodamine-conjugated donkey anti-rabbit
IgG and FITC-conjugated donkey anti-mouse IgG (Jack-
son Immunological Research, West Grove, PA) for 45
min. Some cultures not exposed to BrdU were used as neg-
ative controls and showed no immunoreactivity demon-
strating the specificity of BrdU antibody. In the double-
labeling experiment, no cross-reactivity was detected
between BrdU and anti-nestin antibodies. The distribu-
tions of double-immunostained nestin+ and BrdU+ cells
were examined and photographed with Nikon eclipse TE
300 microscope. A proliferation index was defined as the
percentage of BrdU+ nuclei in the total number of cells
evaluated. At least 500 labeled cells were counted from
each dish.
Antibody perturbation experiments
To test the role of α6 or β1 integrin in laminin-stimulated
hESC-derived neural progenitor cell expansion, hESC-
derived dark EBs were plated on PDL/laminin substrates
and cultured in the NDM. A 10 μg/ml of antibodies
against α6 or β1 integrin (Anti-Integrin alpha6, clone
NKI-GoH3 from Chemicon; http://www.millipore.com;
or Affinity purified anti-mouse integrin β1 from eBio-
science http://www.ebioscience.com) and a 10 μg/ml of
purified mouse IgG (Chemicon) were added into the cul-
ture medium directly at the beginning of cell culture on a
PDL/laminin substrate. Anti-integrin α6, clone NKI-
GoH3 is well characterized antibody which has been used
to inhibit laminin binding [21,22]. Affinity purified anti-
mouse integrin β1 clone HMb1-1 has been reported to
block VLA-dependent cellular functions, including the
adhesion of mouse tumor cell lines to extracellular matrix
proteins [23,24]. Compared to monoclonal anti-human
integrin β1/CD29 antibody clone P5D2 (R&D systems,
http://www.rndsystems.com) and anti-β1 integrin anti-
body clone TASC/9D11, (Chemicon, http://www.milli
pore.com), affinity purified anti-mouse integrin
β1exhibited greater blocking effects, and was used for this
study. Measurements of cell expansion were carried out in
similar sized (diameter)-dark EB-derived neural popula-
tions at 24 h postplating.
Quantification of hESC-derived neural cells and neurite 
outgrowth
To quantify the percentage of hESC-differentiated neural
progenitors and neurons, cell counting was performed
from cultures double-immunostained for nestin and
TuJ1, together with nuclear DAPI counterstaining, in 35
mm culture dishes coated with different ECM substrates
from at least three independent experiments. Nestin+ and
TuJ1+ cells were manually counted and were expressed as
a percentage of the total differentiated cells. We found that
DAPI stains both differentiated and undifferentiated cells,
but differentiated cells usually exhibit phase-dark under
microscope. Therefore, only those DAPI stained cells over-
lapped with phase-dark cells were counted as total differ-
entiated cells. At least 2,000 total cells were evaluated per
dish for one antigen expression. Two methods were used
for cell expansion measurements. First, we counted the
number of immunostained cells on different substrates
from randomly selected fields. Second, we measured
expansion distances in dark EBs-derived differentiation
population in which the distance from the edge of the EB
sphere to the widest point of the rim can be measured.
Neurite outgrowth was analyzed using the NIH image
analysis software. Neurites were quantifies from images ofPage 12 of 13
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neurons immunostained for TuJ1. Measurements of neu-
rite outgrowth included the number of primary neurites
per cell and total neurite length per cell. A neurite was
defined as a process having longer than the width of one
cell body terminating in a growth cone and neurites were
recorded using trace function. The total number of neuri-
tis and total neurite length were measured and divided by
the number of cells observed in the field. The total neurite
length per cell was calculated by averaging the sums of
analysis. For these analyses, each captured image was
identified as a sampling unit and data from three separate
experiments were pooled. An average of 25 cells per image
was analyzed in each experiment.
All data are expressed as mean ± SEM, and Student's t test
was used for statistical evaluation. In all instances * P <
0.05 was considered statistically significant.
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